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Centroid locating sensors and methods for locating an illu 
minated spot on a detector are provided. One sensor includes 
a plurality of photo-diode (PD) detector elements connected 
to the PD detector elements. The sensor also includes a plu 
rality of digitization comparators connected to the plurality of 
PD detector elements and configured to receive output signals 
from the plurality of PD detector elements and generate a 
binary 1 output when the output from the PD detector element 
exceeds a threshold set point and generate a binary 0 output 
when the output is below the threshold set point. The sensor 
further includes a plurality of spatial filtering logic circuits 
connected to the digitization comparators and are configured 
to receive outputs from a plurality of the PD detector elements 
and to reject noise for one of the PD detector elements. 
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1. 

CENTROID LOCATING SENSORS HAVING 
PLURAL SPATAL FILTERING LOGIC 
CIRCUITS CONNECTED TO PLURAL 
DIGITIZATION COMPARATORS AND 
METHODS FOR LOCATING AN 

ILLUMINATED SPOT ON ADETECTOR 

BACKGROUND 

The present disclosure relates generally to optical sensors, 
and more particularly, to optical seekers, such as used for 
guiding a steerable rocket or other projectile. 

In a projectile application, optical seekers are typically 
located at the nose or tip of the projectile, Such as in a laser 
guided projectile. Conventional laser-guided projectiles typi 
cally have a silicon quadrant detector forming an illuminated 
spot locating detector (ISLD). This quadrant detector has four 
light-detecting elements, generally of equal size, that have 
silicon light-absorbing regions and is often referred to as a 
4-quadrant detector. In this conventional 4-quadrant detector, 
the output currents from the four elements are processed in an 
analog manner to obtain the location of the centroid for the 
spot of light. 

Conventional 4-quadrant detectors that are typically fabri 
cated in silicon have strong absorption for light of wave 
lengths between 0.48 and 1.06 um. In order to sense eye-safe 
wavelengths, 4-quadrant detectors have been made that use 
InGaAs light-absorbing material. However the InGaAs 
detectors have a fairly high capacitance (e.g., 1.3x10' 
pF/um). 

To achieve angle of arrival (AOA) sensing with a large 
angular field of view while using a lens with a reasonable 
F-number (e.g., F/1 and larger), it is desirable for the overall 
active-area of the detector to be larger than 15 mm on a side 
and, in some cases, larger than 25-30mm on a side. Also, it is 
desirable to achieve that large active area while providing a 
pulse-response rise time that is a factor of 5 to 10 shorter than 
that provided by the conventional 4-quadrant detectors. 
One approach to keeping the large overall active detector 

area from limiting the response speed or measurement band 
width is to use an array of photodiode (PD) elements. This PD 
array groups the elements into sets that occupy four quadrants 
of the array such that the outputs from the elements in each 
quadrant are Summed together, with the Summed signal being 
output from the array. Prior to being Summed, the photocur 
rent signal from each PD element is amplified and then is 
passed through a thresholding circuit that blocks or elimi 
nates the inputs having a magnitude below a threshold value. 
This thresholding prevents the Summed noise output obtained 
when no pulse of light is illuminating the array from being 
falsely interpreted as additional pulses. However, this thresh 
olding circuit is notable to reduce the noise that is added to the 
magnitude of the photocurrent pulse when Such a pulse is 
present. In addition to the Summed signal for the four quad 
rants, this known array provides the outputs of the individual 
array elements in a serially multiplexed fashion, on a frame by 
frame basis. Thus, the output rate for the signals from indi 
vidual array elements is quite slow (<100 kIHz). 

In some systems, additional post-processing circuitry is 
included to track the moving location of the spot of light. Such 
systems combine the location-determination linearity of an 
array having many elements with the Sub-spot interpolation 
achieved with the inherently non-linear, but high spatial 
resolution 4-quadrant approach. Also, instead of using a PD 
array as an effective 4-quadrant detector, the outputs from the 
array elements also may be used to compute the centroid (or 
the center of gravity, or the moment) of the illuminating spot. 
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2 
Such centroid determination typically is performed using an 
image processing computer or a field-programmable gate 
array (FPGA). The error in determining the location of the 
center of the spot is reduced as the illuminated spot is made 
wider. However, the numerous analog arithmetic operations 
of multiplying, Summing, and dividing involved in calculat 
ing the centroid requires Substantial signal processing 
resources for a sensor that needs to determine the centroid 
location in real time. 

In some systems, signal processing load may be reduced by 
using an array of binary detectors. However, this array is 
intended for frame-by-frame readout. Moreover, the input to 
the thresholding circuit includes the contributions of both the 
photo-generated current and the noise currents. 

Thus, PD arrays have been provided with a binary output to 
achieve a compact AOA sensor that has wide field of view. 
However, in order to reduce the location-estimation error of 
the associated binary centroid determination method, the 
number of elements in the array that are illuminated concur 
rently by a given spot of light has to be increased. As a result, 
the higher accuracy binary centroid location requires the illu 
minating light to be quite intense, so that the corresponding 
energy can be spread over many PD elements of the array and 
still have the signal-to-noise ratio for each array element be 
sufficiently high. 

Thus, it is desirable to provide a centroid-locating AOA 
sensor that can provide high-resolution and high-accuracy 
estimation of the incidence angle of a beam of light collected 
by the aperture of the sensor even for lower levels of the 
intensity of that light. Moreover, the conventional systems do 
not provide a high-linearity, centroid-locating PD-array AOA 
sensor that can process the outputs of the PD elements 
directly, in a manner similar to that of the 4-quadrant detec 
tors, and that does not require the signals from the PD array 
elements to first be read out in a serially-multiplexed, frame 
by-frame manner before the determination of the centroid 
location is performed. 

Moreover, while it is desirable to enlarge the size of the 
illuminated spot on a binary PD array in order to improve the 
centroid location accuracy, the higher sensitivity for incident 
light of weaker intensity is obtained by spreading that inci 
dent light over the smaller area of a smaller illuminated spot 
on the PD array. Thus, there is a trade-off between achieving 
high centroid-location accuracy and high sensitivity. 

SUMMARY 

In accordance with an embodiment, a centroid-locating 
sensor is provided that includes a plurality of photo-diode 
(PD) detector elements connected to the PD detector ele 
ments. The sensor also includes a plurality of digitization 
comparators connected to the plurality of PD detector ele 
ments and configured to receive output signals from the plu 
rality of PD detector elements and generate a binary 1 output 
when the output from the PD detector element exceeds a 
threshold set point and generate a binary 0 output when the 
output is below the threshold set point. The sensor further 
includes a plurality of spatial filtering logic circuits connected 
to the digitization comparators and are configured to receive 
outputs from a plurality of the PD detector elements and to 
reject noise for one of the PD detector elements. 

In accordance with another embodiment, an angle-of-ar 
rival determining sensor is provided that includes a plurality 
of photo-diode (PD) detector elements arranged in an array 
and a plurality of digitization comparators coupled to outputs 
of the plurality of the PD detector elements. The digitization 
comparators are configured to generate a binary 1 output 
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when an output from a preamplifier for a PD detector element 
of the plurality of PD detector elements exceeds a threshold 
set point and generate a binary 0 output when the output from 
the PD detector element is below the threshold set point. The 
angle-of-arrival determining sensor also includes an optical 
system configured to project a spot of light onto at least some 
of the PD detector elements, with the spot of light having a 
lateral dimension that is between two times and ten times as 
large as a lateral dimension of a PD element of plurality of PD 
elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic illustration of an optical sensor in 
accordance with various embodiments. 

FIG. 2 is a schematic illustration of an illuminated-spot 
locating detector (ISLD) in accordance with an embodiment. 

FIG. 3 is an illustration of a detector array of an ISLD in 
accordance with an embodiment. 

FIG. 4 is another illustration of a detector array of an ISLD 
in accordance with an embodiment. 

FIG. 5 is another illustration of a detector array of an ISLD 
in accordance with an embodiment. 

FIG. 6 is a schematic illustration of a centroid-locating 
sensor in accordance with an embodiment. 

FIG. 7 is an illustration of determining a size of an illumi 
nated spot of laser light in accordance with an embodiment. 

FIG. 8 is a graph of signal-to-noise ratio for a fully illumi 
nated detector element. 

FIG. 9 is a graph of angle of arrival (AOA) estimation 
resolution. 

FIG. 10 are graphs illustrating photo-detector bandwidth 
Versus spot diameter. 

FIG. 11 are graphs illustrating angle error and detector 
limited bandwidth for a detector array. 

FIG. 12 are images illustrating the outputs of the detector 
channels of a detector array after several stages of signal 
processing in accordance with various embodiments. 

FIG. 13 illustrates different filtering techniques in accor 
dance with various embodiments. 

FIG. 14 is a graph of centroid location error. 
FIG. 15 are graphs illustrating AOA estimation resolution 

including with implementation of various embodiments. 
FIG. 16 are graphs illustrating AOA estimation resolution 

including with implementation of various embodiments. 

DETAILED DESCRIPTION 

The following detailed description of certain embodiments 
will be better understood when read in conjunction with the 
appended drawings. To the extent that the figures illustrate 
diagrams of the functional blocks of various embodiments, 
the functional blocks are not necessarily indicative of the 
division between hardware circuitry. Thus, for example, one 
or more of the functional blocks (e.g., processors, filters, 
memories or circuits) may be implemented in a single piece of 
hardware (e.g., a general purpose signal processor or random 
access memory, field programmable gate array, custom-de 
signed logic circuit, or the like) or multiple pieces of hard 
ware. Similarly, the programs may be stand-alone programs, 
may be incorporated as Subroutines in an operating system, 
may be functions in an installed software package, and the 
like. It should be understood that the various embodiments 
are not limited to the arrangements and instrumentality shown 
in the drawings. as 
As used herein, the terms “system.” “unit, or “module' 

may include a hardware and/or Software system that operates 
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4 
to perform one or more functions. For example, a module, 
unit, or system may include a computer processor, controller, 
or other logic-based device that performs operations based on 
instructions stored on a tangible and non-transitory computer 
readable storage medium, Such as a computer memory. Alter 
natively, a module, unit, or system may include a hard-wired 
device that performs operations based on hard-wired logic of 
the device. The modules or units shown in the attached figures 
may represent the hardware that operates based on Software 
or hardwired instructions, the software that directs hardware 
to perform the operations, or a combination thereof. 
As used herein, an element or step recited in the singular 

and proceeded with the word “a” or “an' should be under 
stood as not excluding plural of said elements or steps, unless 
such exclusion is explicitly stated. Furthermore, references to 
“one embodiment” are not intended to be interpreted as 
excluding the existence of additional embodiments that also 
incorporate the recited features. Moreover, unless explicitly 
stated to the contrary, embodiments “comprising or “hav 
ing an element or a plurality of elements having a particular 
property may include additional Such elements not having 
that property. 

Also as used herein, the phrase “image' or similar termi 
nology is not intended to exclude embodiments in which data 
representing an image is generated, but a viewable image is 
not. Therefore, as used herein the term “image broadly refers 
to both viewable images and data representing a viewable 
image. However, certain embodiments generate, or are con 
figured to generate, at least one viewable image. 

Various embodiments provide systems and methods for 
optical detection, Such as for an optical sensor (or optical 
seeker) to allow centroid-location determination. In some 
embodiments, a sensor with an array of photodiode (PD) 
detectors is provided having outputs that are coupled to an 
array of electronic preamplifiers and noise-bandwidth limit 
ing filters, as well as to a centroid location determining logic 
circuit (or centroid-location module). Using a spatial filtering 
function in the centroid-location module in various embodi 
ments reduces or eliminates the noise associated with the 
non-illuminated regions of the PD array. By practicing vari 
ous embodiments, a reasonably high centroid-location accu 
racy is provided by using an illuminated spot having a diam 
eter (or lateral dimension) that covers the summed lateral 
dimension of, for example, only 2.5 to 5 array elements (in 
stead of twenty or more that would otherwise be used). Thus, 
the optical power in each illuminated pixel can be much 
higher. Also, use of the spatial filtering function allows for a 
reduction in the threshold set-point for a digitization com 
parator while still rejecting the “dark element noise, thereby 
enabling the sensor to sense and accurately locate spots of 
light that have lower intensity. 
As described in more detail herein, in some embodiments, 

each array element is further coupled to a digitizing compara 
tor that produces a binary 1 output when the filtered output 
from the preamplifier for that array element exceeds a thresh 
old set point and produces a binary 0 output when the filtered 
output from the preamplifier is below the threshold set point. 
This sensor arrangement determines the centroid of a spot of 
light that illuminates a portion of the PD array. The sensor 
also includes an optical system (having an entrance aperture, 
a lens and an optional diffuser in some embodiments) that 
projects a spot of light onto the PDarray, with that spot having 
a lateral dimension (e.g., diameter for a circular spot) that is 
between two times and ten times as large as the lateral dimen 
sion of a PD element of the array, which in one embodiment 
is between 2.5 times and 5 times as large as the lateral dimen 
sion of the PD element. 
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The sensor also includes a set of spatial filtering logic 
circuits or module, with each spatial filtering logic circuit or 
module operating on the outputs from a group of several PD 
elements to reject noise contributions associated with indi 
vidual PD elements with binary 1 output having, for example, 
immediately surrounding or adjacent PD elements with 
binary 0 outputs, which indicates that the PD elements are not 
illuminated by the spot of projected light. It should be noted 
that different spatial filtering circuits are associated with dif 
ferent groups of PD elements. However, some of the different 
groups of PD elements can have some PD elements in com 
mon. In some embodiments, the spatial filters consider all of 
the nearest neighbor elements (e.g., all adjacent PD ele 
ments), and in other embodiments, the spatial filters consider 
only some of the nearest neighbor elements. 

In operation, updates of the determined location values can 
be made at a Nyquist clock rate that is two times the measure 
ment bandwidth set by the noise-bandwidth limiting filter. In 
Some embodiments, the latency of the signal paths for the 
various array elements, the latency of the signal paths in the 
spatial filtering circuits for various groups of array elements, 
and the latency of the signal paths in the centroid-locating 
circuits for the two axes of the array are matched to enable the 
values in the multiple bits of the two binary outputs repre 
senting the X-location and the Y-location of the centroid to 
indicate the same instance in time for the location of the 
illuminating spot. 
The PD can also have an absorber layer comprising a 

direct-bandgap semiconductor material Such as GaAs, 
InGaAs, InAsSb, InAs, InSb and HgCdTe. The PD also can 
include an avalanche carrier-multiplication structure as 
described herein. 
More particularly, FIG. 1 illustrates an optical sensor 20 

that can determine the angle of arrival (AOA) of incident 
light. The optical sensor 20 in the illustrated embodiment 
includes a wavelength-selective optical diffuser 22 that oper 
ates without or with reduced blurring of the optical image 
formed on the detector. In the illustrated embodiment, the 
wavelength-selective diffuser 22 is positioned at or adjacent 
at an optical aperture 24 (Such as an entrance aperture), for 
example, across an optical light path 27 (illustrated as inci 
dent light entering the optical aperture 24). For example, the 
wavelength-selective diffuser 22 is positioned a distance from 
the optical aperture 24 Such that light entering through the 
optical aperture 24 (from left to right as viewed in FIG. 1) first 
passes through the wavelength-selective diffuser 22 before 
reaching the other components of the optical sensor 20. The 
wavelength-selective diffuser 22 is, thus, positioned in front 
of the other components of the optical sensor 20 along a 
direction of travel of incident light. However, it should be 
noted that the positioning of the wavelength-selective diffuser 
22 may be varied. Such as positioned along the optical light 
path 27, for example between different components of the 
optical sensor 20. In some embodiments, the wavelength 
selective diffuser 22 may be provided as described in co 
pending application Ser. No. 14/030,485, entitled “Wave 
length Selective Optical Diffuser, which is incorporated by 
reference herein in its entirety. 

In the illustrated embodiment, the optical sensor 20 gener 
ally includes a laser light detecting element (capable of 
detecting light at one or more wavelengths, such as laser 
wavelengths), illustrated as semi-active laser (SAL) detector 
module 25, which may include an illuminated-spot locating 
detector (ISLD) 26 and associated electronics as described 
herein. The ISLD 26 is positioned a distance along the optical 
light path 27 in-line with the wavelength-selective diffuser 
22, for example, such that a common optical pathis defined or 
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6 
shared between the components. The optical sensor 20 also 
includes an imaging detector (capable of detecting light at a 
different wavelength or wavelengths than light detected by 
the ISLD26), illustrated as a focal plane array (FPA) imaging 
detector module 28, which may include associated electron 
ics as described herein. 

Thus, in the illustrated embodiment, the optical sensor 20 
has an in-line optical configuration defining a common opti 
cal axis. In operation, the optical aperture 24 (which may be 
sized and shaped based on, for example, the application or use 
of the optical sensor 20) is configured to collect light of a first 
wavelength range (e.g., long-wave infrared (LWIR) range of 
8-12 Lum), as well as laser light at multiple wavelengths in a 
second wavelength range (e.g., 1.0 um-1.65 um). In some 
embodiments, the shortest wavelength of the first range is at 
least 5 times larger than the longest wavelength of the second 
range. However, as should be appreciated, detection at differ 
ent wavelengths and relative ranges may be provided. 

In various embodiments, the FPA imaging detector 28 is 
capable of detecting light 30 of a first wavelength range (e.g., 
LWIR light) and the ISLD26 includes multiple elements that 
are capable of detecting light 32 of the entire second wave 
length range (e.g. laser light). In the illustrated embodiment, 
the ISLD26 is configured to have a high transparency to light 
of the first wavelength range, for example, Such that all or 
substantially all of the light 30 passes through the ISLD 26 to 
the FPA imaging detector 28 (e.g., 20% or less absorption), 
while all or substantially all of the light 32 is absorbed and 
detected by the ISLD 26 (e.g., greater than 90%). 

Additionally, the wavelength-selective optical diffuser 22 
is configured to diffuse or spread the light 32 (e.g., laser light 
of the second wavelength range), but minimally diffuse or 
spread the light 30 of the first wavelength range (e.g., less than 
10% from a projected path). It should be noted that the optical 
sensor 20 also includes an optical imaging system 34, Such as 
a lens or compound lens, that projects and focuses the light 30 
(of the first wavelength range) onto the FPA imaging detector 
28 and that, in combination with the wavelength-selective 
optical diffuser 22, projects onto the ISLD 26 an illuminated 
spot that simultaneously or concurrently overlaps a plurality 
of light-detecting elements of the ISLD 26 (e.g., more than 
four light-detecting elements of the ISLD 26), which com 
prises an array of light-detecting elements (e.g., at least 20 
light-detecting elements). 

It should be noted that the FPA imaging detector 28 is 
generally coupled to one or more associated readout inte 
grated circuits, with both being part of or forming an imaging 
infrared (IIR) sensor in some embodiments. The ISLD26 also 
has the multiple detector elements coupled to associated elec 
tronic interface circuits (not shown). The interface circuits are 
then coupled to an illuminated-spot centroid determination 
(ISCD) circuit 23. In various embodiments, the optical aper 
ture 24, imaging system34, SAL detector 25 and ISCD circuit 
23 form a centroid-locating sensor 29 as described in more 
detail herein. It further should be noted that although the 
optical imaging system 34 is illustrated as comprising a single 
lens, the optical imaging system 34 may comprise multiple 
refractive, reflective and/or diffractive elements. 
The wavelength-selective diffuser 22 homogenizes the 

intensity of the light in the illuminated spot at the ISLD 26, to 
enable the ISLD 26 to make a determination of the incidence 
angle of the light 32, which in the illustrated embodiment is 
laser light. However the wavelength-selective diffuser 22 in 
various embodiments is also configured to have reduced or 
minimal effect on the longer wavelength light so that the 
image projected onto the FPA imaging detector 28 is well 
focused and not blurred. It should be noted that atmospheric 
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effects such as turbulence and any damage to or obstructions 
upon an entrance dome that is in front of the aperture 24 can 
produce a non-uniform illumination pattern on the optical 
aperture. This non-uniform pattern at the aperture 24 causes 
the illuminated spot projected on the ISLD 26 to have a 
non-uniform intensity distribution, which results in an erro 
neous estimate of the incidence angle of the laser light. The 
wavelength-selective diffuser 22 homogenizes the light paths 
and in various embodiments produces a smooth intensity 
pattern for the illuminated spot. 

It further should be noted that the wavelength-selective 
diffuser 22 may be positioned at different locations along the 
optical path 27, such as between the aperture 24 and the 
optical imaging system34, within the optical imaging system 
34, or between the optical imaging system 34 and the ISLD 
26. 

In various embodiments, the optical sensor 20 includes the 
ISLD 26, which is configured as a sensor for light from a 
semi-active laser (SAL) designator, and the FPA imaging 
detector 28, which is configured as a sensor for infrared light 
emitted and/or reflected by a scene. In some embodiments, 
the FPA imaging detector 28, when configured as a sensor for 
the light emitted and/or reflected by the scene, is an IIR sensor 
with an output thereofused to provide an infrared image of 
the scene. The ISLD 26 configured as a SAL sensor may be 
used to determine the angle of incidence of the SAL light 
(relative to the position of the optical sensor 20) that is 
reflected from one or more objects in the scene (e.g., viewed 
through the aperture 24). It should be noted that the light to be 
detected by either sensor (ISLD 26 or FPA imaging detector 
28) is collected through the optical aperture 24. 

Thus, in various embodiments, the optical sensor 20 has a 
compact and Small diameter design since both of the sensors 
(ISLD 26 and FPA imaging detector 28) share the same 
aperture 24 and the same optical focusing system (e.g., opti 
cal imaging system 34 that may include one or more refrac 
tive or diffractive elements such as lenses, but does not need 
any reflective elements). By configuring the optical sensor 20 
to allow, for example, the LWIR light for the IIR sensor to 
pass through the SAL sensor, which has high optical trans 
parency to those LWIR wavelengths, the in-line optical con 
figuration is provided, with the components of the optical 
sensor 20 having a common optical axis. 

In various embodiments, the optical sensor may be pro 
vided as described in co-pending application Ser. No. 14/030, 
670, entitled “Systems and Methods for Dual-Mode Optical 
Sensing, which is incorporated by reference herein in its 
entirety. 

In operation, incident light is projected by the optical imag 
ing system34 (e.g., optical lens) onto an array of PD elements 
of the ISLD 26. More particularly, some wavelengths of the 
incident light can be detected by the PD array and other 
wavelengths of the incident light pass through the PD array 
for detection by an imaging detector, illustrated as the FPA 
imaging detector 28. If the incident light overfills the optical 
aperture 24, the shape of that aperture can determine the 
shape of the spot of light projected onto the PD array. The 
optical imaging system 34 and the optional wavelength-se 
lective diffuser 22 (or other optical diffuser) can be config 
ured to provide a desired overall size and intensity distribu 
tion of the spot of light projected onto the PD array, with the 
location of that spot depending on the AOA. 

In various embodiments, the ISCD circuit 23 is coupled 
with the ISLD 26, and which may be provided as part of the 
SAL detector 25. However, in some embodiments, the ISCD 
circuit 23 may be separately provided. The ISCD circuit 23 
and SAL detector module 25 in combination with the optical 
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8 
aperture 24 and SAL detector 25, and optionally with the 
optical imaging system 34, or other optical focus elements, 
and the wavelength-selective diffuser 22 (optical diffuser), 
provides a determination of the AOA of light, such as from a 
distant object that is collected by the aperture 24 and pro 
jected onto the PD array. The ISCD circuit 23 also can deter 
mine the angle of arrival of a narrow beam of laser light that 
passes un-occluded through the aperture 24 and illuminates 
the PD array. 
The centroid-locating sensor 29 operates as an AOA sensor 

in various embodiments and can have a large instantaneous 
field of view (FOV), while also having large measurement 
bandwidth (as compared to conventional 4-quadrant detec 
tors). It should be noted that the measurement bandwidth of 
the centroid-locating sensor 29 is limited by the response 
bandwidth of the PD array detector element and a trans 
impedance amplifier (TIA) as described herein, and by the 
bandwidth of an associated noise-bandwidth filter. The mea 
surement bandwidth can be at least several MHz and as high 
as several GHZ in some embodiments. In contrast, conven 
tional centroid-locating sensors typically determine the cen 
troid location on a frame-by-frame basis, with the frame rate 
generally no higher than several tens of kHz. 

Thus, in operation, the centroid-locating sensor 29 can 
detect and discriminate between shorter pulses of light and 
higher-frequency intensity modulation of the light compared 
to conventional position sensing detectors that are fabricated 
from the same light-absorbing materials. For a given FOV, the 
number of array elements, and thus the size of the PD ele 
ments, can be designed to achieve a desired noise perfor 
mance and a desired sensitivity to lowerintensity levels of the 
illuminating light. Furthermore, by using a smaller-size spot 
for the light projected onto the array (in contrast to the large 
size spots generally used for conventional centroid determin 
ing PD arrays), the centroid-locating sensor 29 can have a 
higher signal per illuminated element of the array, which 
improves the sensitivity of the disclosed AOA sensor as well 
as the angle-determination accuracy. 

In various embodiments, the ISCD circuit 23 of the cen 
troid-locating sensor 29 operates to provide a continuous 
time output that indicates the location of the centroid of the 
spot of light projected onto the PD array, with the location 
represented as a pair of binary numbers indicating the X-dis 
placement and the y-displacement of that spot. The Sub-ele 
ment angle-determination resolution enables the centroid 
locating sensor 29 to have fewer array elements and fewer 
electronics channels. Also, because the ISCD circuit 23 pro 
cesses the photo-detected output for each array element as a 
binary value, instead of as an analog or grey-scale value, the 
electronic circuitry is simplified. For example, the spatial 
filtering function of the ISCD circuit 23 can be implemented 
with digital logic circuits. Additionally, the ISCD circuit 23 
can be implemented using binary adders, dividers and gates. 
With latency-matched circuitry, the centroid-locating sensor 
29 can have an output rate that is set by the measurement 
bandwidth, unlike conventional centroid-locating PD arrays 
having an output rate that is determined by the rate of the 
frame-by-frame addressing and multiplexed serial-readout 
circuit. Thus, the centroid-locating sensor 29 can provide 
real-time or almost real-time determination of the location of 
the illuminating spot on the PD array and of the AOA of the 
incident light. 

Various embodiments of centroid locating and angle-of 
arrival determining sensors described herein can be used, for 
example, for guiding a steerable projectile. Additionally, the 
laser-guided devices may be sensitive to 1.06 um wavelength, 
as well as eye-safe wavelengths such as 1.5um, 2.2 Lum and 
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3.8 Lum. The detection in these wavelengths using detector 
material in the various embodiments that are suitable for 
absorbing such wavelengths of light have both the capability 
of providing a large instantaneous field of view, which is 
useful for initial target acquisition, and the ability to sense and 
discern short pulses of incident light, which may be used for 
discriminating between the laser-light reflected from an 
intended target and the back-scattered clutter or false-target 
reflections. 
The various embodiments also may be used for pointing an 

optical receiver. Such an optical receiver may be used, for 
example, in a free-space optical communications link or in a 
laser radar system. The large field-of-view facilitates laser 
beam alignment and the wide bandwidth signal response of 
the centroid-locating sensor 29 allows the detection of time 
coded waveforms. Also, the high sensitivity enables the cen 
troid-locating sensor 29 to detect weaker input signals. 

The centroid-locating sensor 29 also may be used for mea 
Suring the distance to an object or the three-dimensional 
shape of an object by using optical triangulation. For 
example, the centroid-locating sensor 29 may be placed at 
two or more locations along a baseline to detect the angles 
of-arrival of light reflected from or emitted by the object. 
Thus, various embodiments may be used as part of distance 
and shape measurement instruments. 

FIG. 2 illustrates the SAL detector 25 and ISLD 26 formed 
in accordance with various embodiments, wherein the ISLD 
26 includes an ISLD substrate 40 coupled with an ISLD 
absorber 42, illustrated in a dual layer configuration. The 
ISLD 26, which is configured as a SAL seeker in this embodi 
ment, includes multiple detector elements (formed as part of 
the ISLD substrate 40 coupled with an ISLD absorber 42) that 
are capable of detecting light of wavelengths emitted by the 
laser designators (e.g., the light 32), with the ISLD 26 having 
high transparency to longer wavelength light, such as the 
LWIR light (e.g., the light 30) to be detected by the FPA 
imaging detector 28 (shown in FIG. 1) of the IIR sensor. The 
SAL detector 25 also includes an interconnect base 44 (e.g., a 
base Substrate or Support structure) that can contain electrical 
interconnect paths 46 (e.g., electrical traces on a Substrate). 
The base 44 in this embodiment includes an opening 48 
formed therein that is aligned at least in part with the ISLD 
substrate 40 coupled with the ISLD absorber 42. For example, 
in the illustrated embodiment, the opening 48 is formed 
through the entire base 44 at a central portion or region of the 
interconnect base 44. As can be seen, the ISLD 26 (formed 
from the ISLD substrate 40 and the ISLD absorber 42) is 
mounted upon the interconnect base 44 in proximity to the 
opening 48, Such as aligned with the central portion of that 
interconnect base 44 in this embodiment. 

It should be noted that electronic circuits 50 may be 
mounted to the interconnect base 44. For example, the elec 
tronic circuits may include electronic interface circuits and 
the ISCD circuit 23 as described in more detail herein. The 
interface circuits and the ISCD circuit 23 are mounted upon 
the interconnect base 44 a distance from the opening 48, 
which is away from the central portion of the base 44 in this 
embodiment, such as not to block the LWIR light passing 
through the opening 48. For example, the light 30 to be 
detected by the FPA imaging detector 28 is projected by the 
optical imaging system 43 (shown in FIG. 1) to pass through 
the ISLD 26, through the opening 48 (in the central portion of 
the interconnect base 44), and onto the FPA imaging detector 
28. It should be noted that the components coupled to the base 
44 may be mounted thereto using any suitable means, such as 
by soldering, with bump bonds, or with other suitable elec 
trical interconnects. For example, chip-to-chip or chip-to 
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10 
base coupling can be used to electrically couple the ISLD 26 
to the interconnect base 44. Additional solder bumps, etc. 
may be used to couple the interconnect base 44 to the inter 
face circuits 50 and the ISCD circuit 23. 

Thus, in the illustrated embodiment, the optical sensor 20 
has the wavelength-selective optical diffuser 22 that diffuses 
or spreads the laser light, but that minimally diffuses or 
spreads the LWIR light. Additionally, the optical imaging 
system 34, Such as a lens or compound lens, projects and 
focuses the LWIR light onto the FPA imaging detector 28 and 
that, in combination with the wavelength-selective optical 
diffuser 22, projects onto the ISLD26 an illuminated spot that 
simultaneously or concurrently overlaps with a plurality of 
light-detecting elements of the ISLD 26. For example, the 
ISLD 26 may comprise multiple light-detecting elements that 
are formed on a common substrate, such as the ISLD sub 
strate 40. Each light detecting element contains an absorber 
region, which may be formed with the ISLD absorber 42 and 
that comprises, in Some embodiments, a direct-bandgap 
semiconductor material that absorbs the SAL light (of the 
second wavelength range), but that has reduced or minimal 
absorption of the LWIR light (of the first wavelength range). 
Thus, the ISLD substrate 40 is configured or formed to have 
reduced or minimal absorption for light of the first wave 
length range and also reduced or minimal absorption for light 
of the second wavelength range. For example, is some 
embodiments, the ISLD absorber 42 can comprise a material 
such as InGaAs or HgCdTe. among others, and the ISLD 
substrate 40 can comprise a material such as InP or GaAs or 
CdTe. among others. The absorber regions of the ISLD 
absorber 42 are located adjacent to a first surface or face of the 
ISLD substrate 40 (illustrated in FIG.2 as a lowerface closer 
to the interconnect base 44). In some embodiments, the wave 
length-selective optical diffuser 22 (shown in FIG. 1) can be 
formed on a second surface of the ISLD substrate 40 that is 
opposite the first surface (e.g., on a top surface of the ISLD 
substrate 40 as viewed in FIG. 2). 

In an exemplary embodiment, the ISLD 26 has an InCaAs 
absorber 42 on an InP substrate 40 that enables the ISLD 26 
to be suitable for detecting laser light of 1.0-1.65 um wave 
length. It should be noted that InGaAs has a direct bandgap 
and thus an absorption efficiency that is very high. For 
example, an InGaAs layer having a thickness of approxi 
mately 3 um is sufficient to absorb almost 100% of the laser 
light that is coupled into that layer. In various embodiments, 
the ISLD 26 has a PIN photo-diode structure, but other light 
detecting device structures such as an avalanche photodiode 
also may be used. In one embodiment, the InGaAs absorber 
regions, when not illuminated, would be depleted of free 
carriers and would comprise the I-layer of the PIN structure. 
The electrically conductive P-layer and N-layer comprise 
material such as InP that is lattice matched to the InGaAs 
material and that is transparent to the laser wavelengths (as 
well as to the LWIR light). The capacitance per unit area of the 
PIN structure is fairly large, since the I-layer is fairly thin. An 
exemplary value is 0.5x10 pF/um. Each PIN detector has a 
fairly small area in order to achieve fast response. The large 
area ISLD desired for having large FOV is thus achieved by 
having an array with many smaller-area PIN detectors. It 
should be noted that the variously described materials and 
component values may be changed as desired or needed. 

It should be noted that the thickness of the absorber regions 
in various embodiments is generally smaller than ten times 
the maximum wavelength of the second wavelength range 
and can be as Small as one times, or even as Small as one-half 
times, the maximum wavelength of the second wavelength 
range in other embodiments. However, different relative 
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thicknesses may be provided. The ISLD 26 can also have 
various two-dimensional arrangements of multiple elements. 
For example, the ISLD 26 can comprise an array of NXN 
elements, with N being as Small as 4 and as large as 80 in some 
embodiments. However, it should be appreciated that differ 
ent numbers of elements smaller than 4 and greater than 80 
may be provided, and the array may have a configuration 
other than a square, for example, a rectangle, octagon, or 
other polygon shape, among others. The ISLD 26 may be 
provided as described herein, such as a detector array. How 
ever, different types of ISLDs may be provided, for example, 
using a quadrant detector (formed from silicon or other mate 
rials). 

It should be noted that the SAL light is illustrated as first 
passing through the ISLD substrate 40 before that light is 
absorbed by the detector elements of the array formed in the 
ISLD absorber 42. For such a configuration, the ISLD sub 
strate 40 is transparent to the SAL light. However, the SAL 
light and the LWIR light also may be incident from the side of 
the ISLD 26 that contains the absorber regions. In this case, 
the ISLD substrate 40 is also transparent to the LWIR light, 
but can absorb the SAL light. Other configurations are con 
templated, for example, in which the ISLD substrate 40 is 
removed or the interconnect base 44 is transparent. 
The optical sensor 20 can have a large instantaneous FOV 

for both the SAL sensor and the IIR sensor even though both 
of the sensors are mounted in the projectile in a body-fixed 
configuration rather than being placed on a gimbal that can 
move the pointing direction of those sensors. The overall 
instantaneous FOV of the ISLD 26 (or of the FPA imaging 
detector 28) is determined by the overall lateral size of the 
ISLD 26 (or of the FPA imaging detector 28) and the effective 
F-number of the optical imaging system 34. For a typical 
ISLD, which commonly is a 4-quadrant detector, the overall 
size of that 4-quadrant detector typically equals twice the 
width or lateral size of one of the 4 light-detecting elements. 
The size (e.g., diameter) of the illuminated-spot pattern typi 
cally is equal to or slightly larger than the width of one of the 
light-detecting elements (which typically is >5 mm for 
4-quadrant detectors constructed from silicon). Such that the 
spot simultaneously illuminates all 4 detector elements, but 
the size of the illuminated-spot pattern is smaller than the total 
area covered by the 4 adjacent detector elements. In contrast 
to the 4-quadrant detector, the ISLD 26 of the optical sensor 
20 may comprise from, for example, 16 to greater than 10,000 
elements and the optical imaging system 34 and that ISLD 26 
are configured to project an illuminated spot that simulta 
neously overlaps more than four adjacent light-detecting ele 
ments of the ISLD 26. 

In various embodiments, the optical sensor 20 can provide 
an imaging-seeker guided device with an upgraded capability 
of SAL designated guidance. Also, the optical sensor 20 can 
provide a SAL-seeker guided product with an imaging capa 
bility that can be especially beneficial for terminal guidance. 
Additionally, the optical sensor 20 can be used in a body-fixed 
configuration. 
More particularly, the optical sensor 20 is able to provide 

very fast response, and large response bandwidth, while also 
having a large instantaneous FOV when used in a strap-down 
configuration (without any gimbal to change the pointing 
direction of that sensor). 

In various embodiments, a large-area ISLD 26 that com 
prises an array of multiple detector elements is used wherein 
the multi-element arrayed ISLD 26 connects each element of 
the array to a separate electronic interface circuit that converts 
the photocurrent generated by each array element of the ISLD 
26 into an amplified electrical signal waveform. The centroid 
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12 
locating sensor 29 is configured to determine the centroid of 
the illuminated spot pattern as described in more detail 
herein. 

FIGS. 3-5 illustrate a PD array 60 (shown as a two-dimen 
sional array) of detectors 62 (also referred to as PD detector 
elements 62 or PD elements 62), with an exemplary rectan 
gular grid arrangement. However, other geometric arrange 
ments and shapes of the detectors in the array may be pro 
vided. Such as hexagonal close-packed arrangements or 
triangular arrangements. Each PD element 62 in one embodi 
ment is spaced close to adjacent PD elements 62 (e.g., within 
0.1 millimeters). In the illustrated embodiment, the PD ele 
ments 62 are formed from an n-conductor layer 80 (e.g., of 
n-type doped InP material), an absorber layer 82 (e.g., of 
undoped or unintentionally doped InGaAs material lattice 
matched to InP) and a p-conductor layer 84 (e.g., of p-type 
doped InP material), thereby forming a PIN photodiodestruc 
ture. These layers are typically formed on a Substrate 40 (e.g., 
of InP material). Each PD element 62 in the illustrated 
embodiment includes an electrode 83 (illustrated as a ring 
electrode) electrically coupled to the p-conductor layer 84, 
with an interconnecting post 88 electrically coupling an elec 
trode 85 to an additional laterally extending metal-intercon 
nect line 87. In one embodiment, each group of four adjacent 
PD elements 62 include a second electrode 86 electrically 
coupled to the n-conductor layer 80 of the PD elements 62. It 
should be noted that the interconnecting post 88 electrically 
couples the shared electrode to another additional laterally 
extending metal-interconnect line 89. 
A PD element 62 can have the absorber layer 82 formed, 

for example, from a direct-bandgap semiconductor material 
such as GaAs, InGaAs, InAsSb, InAs, InSb and/or HgCdTe. 
The n-conductor and p-conductor layers 80 and 84 in some 
embodiments are formed from a material having a lattice 
constant that is approximately matched to the lattice constant 
of the absorber material of the absorber layer 82. In one 
embodiment, the material of the conductor layer 84 that is 
located between the absorber layer 82 and the direction from 
which the light is incident is formed from a material that is 
transparent to the incident light. For example, if the absorber 
material is InGaAs for detecting light of 1.05-1.65um wave 
length, the conductor layer material may be InP. The PD 
elements 62 also may include an avalanche carrier-multipli 
cation structure 81, which provides carrier-selective impact 
ionization in Some embodiments. An electron-multiplier 
material or structure (e.g., InAlsAS, InAlAS/InGaA1AS, InAS, 
or HgCdTe) can provide low-noise gain for the absorber 
materials. The resulting avalanche photo-diode detector in 
various embodiments can be operated in a “linear mode' 
regime to provide linear gain. Accordingly, the output current 
of a PD element 62 is still proportional to the intensity of the 
light illuminating that element. Alternatively, the avalanche 
photo-diode detectorin various embodiments can be operated 
in a "Geiger-mode” regime, providing non-linear gain. 

In various embodiments, the PD elements 62 are posi 
tioned close to each other to reduce or minimize the width of 
the gaps between adjacent PD elements 62. This placement 
increases or maximizes the amount of light that is collected by 
the PD elements 62. The detector array 60 in various embodi 
ments is located near the center of the ISLD 26 as described 
herein. In one embodiment, each PD element 62 also has at 
least one electrical contact between the PD element 62 and 
one or more bond pads 66 located at the periphery 64 of the 
array 60. The electrical contact for a given PD element 62 in 
Some embodiments is located in Such a manner that increases 
or maximizes the area through which the laser light can be 
collected and detected, such as at the periphery of the PD 
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element 62. In one embodiment, the metal interconnect lines 
68 between the PD elements 62 and corresponding bond pads 
66 are routed in a way that reduces or minimizes the blocking 
or obstruction of the LWIR light, which passes through the 
ISLD 26, having bond pads 66 located at the periphery 64 of 
the ISLD 26 and outside of the area occupied by the array of 
PD elements 62. As illustrated in FIG. 3, the density of the 
interconnect lines 68 (shown in a triangular type of pattern) is 
also greatest near the edges of the array 60 and the ISLD 26 
has greater transparency in a central portion 70. Thus, the 
center of the FOV of the imager has the best sensitivity. 

Moreover, the electronic circuits 50 (illustrated in this 
embodiment as X and Y displacement interface circuits to 
determine the location of a detected light spot as described 
herein) associated with the SAL sensor are located beyond the 
outer edges 72 of the ISLD 26. The electronic circuits 50 can, 
for example, surround all four sides of the ISLD 26. It should 
be noted that the SAL sensor is located closer to the optical 
imaging system 34 (e.g., lens) than the IIR sensor. If the 
desired FOV of the IIR sensor is equal to or smaller than the 
desired FOV of the SAL sensor, the light to be detected by the 
IIR sensor would only need to pass through the ISLD portion 
of the SAL sensor (as such, the electronic circuits 50, which 
at the least have metal portions that may block and/or absorb 
the light, are positioned at the periphery of the array 60). 

The optical sensor 20 in various embodiments is config 
ured having selected values of parameters, for example, for 
the location of the ISLD 26 relative to the optical imaging 
system 34 or the FPA imaging detector 28, the size of the 
light-detecting area of the ISLD 26 and the number of the PD 
elements 62 in the ISLD 26. For example, the desired size of 
the ISLD 26 depends on the desired FOV as well as on the size 
of the spot of laser light projected onto the ISLD 26. Ideally, 
the entire spot of laser light should overlap some detector 
elements 62 even when that spot is moved to the limits of a 
region of motion, associated with the edge of the FOV. How 
ever, it should be appreciated that in Some embodiments, a 
portion of the spot of laser light overlaps some of the PD 
elements 62. 

In operation the detector array 60 is associated with elec 
tronic circuitry that determines the location of the spot of light 
projected onto the detector array 60. FIG. 6 illustrates a sche 
matic block diagram of a portion of the centroid-locating 
sensor 29 that is configured to operate as an AOA sensor. FIG. 
6 illustrates the electronic amplification, pre-processing, and 
location determination components of the centroid-locating 
sensor 29, which are used to provide AOA operation. 

In particular, in the illustrated embodiment, each PD ele 
ment 62 is connected to an interface circuit 90 that includes an 
electronic preamplifier, illustrated as a trans-impedance 
amplifier (TIA) 92, a noise-bandwidth limiting filter 94 and a 
digitization comparator 96. It should be noted that FIG. 6 
illustrates circuitry connected to one of the PD elements 62 
for ease of explanation. However, similar circuitry is con 
nected to each of the PD elements 62. 
The TIA 92 is configured to provide signal amplification 

and also converts the photo-current input from the PD ele 
ments 62 to a Voltage output. The centroid-locating sensor 29 
also includes a noise-bandwidth limiting filter 94 connected 
to the output of the TIA 92. It should be noted that in some 
embodiments the frequency-domainfiltering function may be 
implemented by the TIA92. For example, in various embodi 
ments the noise-bandwidth limiting filter 94 is used to set the 
bandwidth of the noise, for example, to cause that noise 
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bandwidth to be no larger than the anticipated bandwidth of 
the optical signal pulses detected by PD element 62. 
The noise-bandwidth limiting filter 94 is connected to one 

input of a digitization comparator 96. The other input of the 
digitization comparator 96 receives a control signal setting a 
threshold (threshold set point) for determining whether light 
is incident on the associated PD element 62. In operation, the 
noise filtered waveform is digitized with the digitization com 
parator 96 that produces a binary 1 output level when the 
amplitude of the input waveform exceeds a threshold set 
point and produces a binary 0 output otherwise. It should be 
noted that for optical input to a PD element 62 that comprises 
a set of optical pulses of varied intensity and varied pulse-to 
pulse separation, the digitized time-varying waveform for 
that PD element 62 resembles a set of pulses of equal mag 
nitude and varied pulse-to-pulse separation when the inten 
sity of the input optical pulses exceed a value associated with 
the threshold set-point of the digitization comparator 96. 
The digitization comparator 96 is connected to a plurality 

of spatial filtering logic circuits or modules 98 (which form 
and also are referred to herein as a spatial filter). It should be 
noted that the output of the digitization comparator 96 from 
different ones of the PD elements 62 are connected to differ 
ent inputs of the spatial filtering logic circuits or modules 98. 
For example, in the illustrated embodiment, the output of the 
digitization comparator 96 for the particular PD element 62 
coupled to the illustrated TIA 92 is connected to the third 
input of the upper spatial filtering logic circuit 98 (although 
different inputs may be used and the use of the third input is 
merely for example). Also, the output of the illustrated digi 
tization comparator 96 can be further connected to the fourth 
input of another spatial filtering logic circuit 98 and addition 
ally connected to the sixth input of yet another spatial filtering 
logic circuit 98. 

Thus, in operation, in Some embodiments, digitized out 
puts for a PD element 62 and for immediately adjacent ele 
ments (generally along both of the orthogonal axes of the 
array 60, e.g., X and Y) are fed to the spatial filtering logic 
circuits 98. In the illustrated embodiment, only four PD ele 
ments 62 are shown. However, additional PD elements 62 
may be adjacent to a particular PD element 62. The spatial 
filtering circuits 98 determine whether the output for the PD 
element 62 was produced by the photo-current from light that 
is part of the illumination spot or by noise. The spatial filtering 
circuits 98 then reject the noise contribution, by resetting the 
output (A) for that PD element 62 to zero as described 
herein. 

The outputs of the spatial filtering circuits 98 are connected 
to a centroid location determining logic circuit or module 
100. In operation, the outputs of the spatial filtering circuits 
98 are fed to the centroid location determining logic circuit or 
module 100 for each of the two axes. The centroid-location 
determining logic 100 uses a procedure Such as defined in the 
following equation, with A, having a value of either 1 or 0. 

/ y Eq. 1 

XIX W A 1 = 1 
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The centroid location determining circuit 100 uses two sets 
of weights W, and W, that indicate the respective column or 
row in which the PD element 62 having the output value that 
is A, resides. In one embodiment, an array element location 
weights component or module 102 (which may have weight 
ing values stored in a memory 104 (e.g., memory area)) 
provides binary weight values to the centroid location deter 
mining logic circuit or module 100. In some embodiments, 
the centroid location determining circuit 100 performs a 
summed multiplication of the weight value with the binary 
element output values by using a binary addition of the weight 
value for the row (or column) for each occurrence of a 1 value 
for the array-element outputs of that column (or row). The 
Summed column values are then added to determine the 
Summed weight-factor for the row (or column), i.e., the 
numerator of Equation 1 (or 2). The denominator of Equa 
tions 1 and 2 can be determined in various embodiments by a 
counter 106 that increments for each element having A-1. 
The centroid location along the X-axis (or y-axis) is then 
obtained by a binary division operation, with a pre-specified 
precision (e.g., within a predetermined tolerance range). The 
output of the centroid location determining logic circuit or 
module 100 is two binary numbers that represent the X-loca 
tion and the Y-location of the illuminated spot on the detector 
array 60. 

In various embodiments, the size of the spot of light pro 
jected onto the detector array 60 is smaller than the overall 
size of the array 60 as illustrated in FIG. 7. FIG. 7 illustrates 
a detector array 60 of an ISLD 26 that has a square shape. 
However, the detector array 60 may have an outline or contour 
of other shapes such as a circle, ellipse or rectangle. The 
minimum overall size W of the detector array 60 of PD 
elements 62 thus depends on the FOV, the effective diameter 
and focal length of the optical imaging system 34, illustrated 
as a lens 110, (or the F-number, Fit, of the optical imaging 
system34) and the offset distance, d, of the ISLD 26 from the 
focal plane 112 associated with the wavelength of the laser 
light. 
The size of the spot of light 114 illuminating the detector 

array 60 likewise is dependent on the effective diameter D, 
and focal length f, of the lens 110 (or on the effective F-num 
ber F# of the lens 110) and on the offset distanced of the ISLD 
26 from the focal plane 112 associated with the wavelength 2 
of the laser light. 
When the optical sensor 20 has an IIR sensor with a micro 

bolometer FPA, a fast lens such as one with an F-number of 
F/1 may be used in order to collect more light and to enable 
the overall size of the FPA imaging detector 28 to be smaller. 
It should be noted that as the ISLD 26 is moved closer to the 
lens 110 (and as the valueford becomes larger), the size of the 
laser-illuminated spot 114 on the detector array 60 becomes 
larger. Additionally, the incidence angle of the light produc 
ing the laser-illuminated spot 114 may be determined as 
described in more detail herein. 

In operation, the location of the spot of light 114 projected 
onto the detector array 60 changes as the angle of incidence 0' 
for the input light changes. The maximum excursion W of 
the center of the projected spot of light 114 is determined by 
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the desired angular field of view (FOV) for the optical sensor 
20 operating as an AOA sensor. The overall size of the array 
60 in various embodiments is sufficiently large to accommo 
date the entire spot of light 114 when the spot of light 114 is 
translated to a maximum excursion away from the center of 
the array 60. Thus, the overall array size W is determined by 
parameters such as the F-number of the lens 110 (F, f/D,), 
the focal length f, of the lens 110, the offset distance d 
between the location of the PDarray 60 (along the optical axis 
of the lens 110) and the focal plane 112, and the desired 
angular FOV (20) for the AOA sensor. It should be noted that 
the diameters of the projected spot of light 114 also can be 
enlarged to a desired value by using a suitably designed 
optical diffuser, even when the PD array 60 is located at the 
focal plane 112 of the lens 110. 

With reference to FIG. 7, the displacement W of the 
centroid of the illuminated spot 114 from the center of the 
detector array 60 can be expressed by W=(f,-d)tan 0", 
where 6' is the angle of arrival of the incident light. Thus, a 
calculation of the displacement W of the illuminated spot of 
light 114 on the detector array 60 also provides an estimate of 
the angle of arrival of the light collected by the aperture and 
projected as the spot of light 114 on the detector array 60. 

With respect to the estimation of the angle of arrival of 
light, as discussed in more detail herein, the optical sensor 20 
in various embodiments is configured to achieve high-accu 
racy (low error) estimation of the angle of arrival of the input 
light and of the location of the centroid of the illuminated spot 
of light 114, including high AOA-estimation accuracy even 
for low levels of the incident light. Various different param 
eters will now be discussed including the effects of the illu 
minated spot diameter, the noise-bandwidth limiting filter 94. 
the spatial filter, and the number of array elements. 
A MATLABR) software simulator was used analyze the 

performance of the optical sensor 20. The simulator accepted 
user-specified parameters such as the desired angular field of 
view, the focal length and F-number of the lens, the 3-dB 
bandwidth of the noise-bandwidth limiting filter 94, and the 
noise models for the PD elements 62 and the TIA 92. The 
initial analyses assumed that the size of the illuminated spot 
of light 114 was determined exclusively by defocusing that 
spot of light 114 (by moving the detector array 60 away from 
the focal plane 112 and toward the lens 110). The analyses 
also assumed, as a simplifying approximation, that the optical 
diffuser acted to produce uniform illumination of the spot of 
the light 114 on the detector array 60 (i.e., having a flat top or 
pillbox intensity profile) without affecting the width of the 
spot of light 114. The simulator used the detector and TIA 
models to determine the noise and response bandwidth of the 
PD elements 62 in the detector array 60. The simulator then 
calculated the signal-to-noise ratio (SNR) for the output of 
each array PD element 62, assuming some measurement 
bandwidth, which can be smaller than the PD-limited or 
TIA-limited bandwidth. Although the incident light can cover 
the entire top-surface area of those PD elements 62 located 
near the center of the illuminated spot of light 114, the inci 
dent light overlaps only a portion of the surface area of the PD 
elements 62 located at the edge of the illuminated spot of light 
114. Thus, the SNR would be lowerfor those PD elements 62 
located at the edge of the illuminated spot of light 114. The 
simulator then used a Monte Carlo technique, considering 
many possible randomly selected locations of the illuminated 
spot of light 114, to calculate the mean error obtained in the 
estimation of the centroid locations. 
The amount of light collected by the input aperture is fixed. 

Thus, as the size of the illuminated spot of light 114 is 
enlarged, the intensity of the light illuminating a given PD 
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element 62 is reduced because the light is spread over more 
PD elements 62. FIG. 8 is a graph 120 illustrating that the 
centroid-location estimation erroris fairly small, Smaller than 
the lateral extent of a PD element 62, when the SNR is 
sufficiently high (>18 dB in power), but is poor when the SNR 
is much lower than this value (e.g., <15 dB). The different 
curves 122 are plotted for different values of the illuminated 
spot diameter, which is given in terms of the number of PD 
elements 62 (or pixels) along one lateral direction that are 
overlapped by the spot of light 114. Considering the high 
SNR regime, it should be noted that when the spot of light 114 
overlaps more PD elements 62, the error in the centroid 
location estimation is reduced. Also, with respect to the mini 
mum value for the SNR needed to reach the high-SNR 
regime, it should be noted that this minimum SNR is reduced 
when the spot size is made larger. The exemplary simulations 
herein consider the simplified case in which the illuminated 
spot of light 114 has a flat-top, uniform intensity profile (as 
illustrated by the images 124). 
The centroid location can be related to the AOA of the 

incident light, as described above. FIG. 9 is a graph 130 
showing an example of the calculated angle-estimation reso 
lution plotted versus the spot diameter. This result was 
obtained for an array that has 128x128 PD elements 62. Since 
the FOV is fixed, an array with more elements has PD ele 
ments 62 with smaller capacitance and thus a higher PD 
limited bandwidth. The results plotted in FIG.9 show that for 
each illumination level of the illuminated spot 114 (or for 
each value of the total photocurrent, summed from all of the 
PD elements illuminated by spot 114) there is an optimal 
value of the illuminated-spot diameter for which the angle 
estimation resolution is finest (and the angle-estimation error 
is Smallest). For this example, the optimal spot diameter is 
approximately equal to 30 times the width of an array element 
or pixel when the total photo-current is 10 LA (illustrated by 
the arrow 132). For a different value of the total photo-cur 
rent, the optimal value of the illuminated-spot diameter is 
different, Such as a spot diameter of approximately 4-5 times 
the width of an array element for a total photo-current of 0.3 
LA (illustrated by the arrow 134). As the spot diameter is 
increased beyond the optimal value (associated with a given 
illumination level), and the signal on the illuminated PD 
elements 62 is reduced, the SNR is made lower and the sensor 
is no longer in the high-SNR regime. The curves plotted in 
FIG. 10 illustrate that the optimal spot diameter becomes 
Smaller and Smaller as the total photo-current generated by 
the illuminated spot is reduced. One approach to keep the 
SNR of each array element the same is to distribute the total 
photo-current over fewer array elements when that total 
photo-current is reduced. It should be noted that in the simu 
lation having the results as shown in FIG. 9, the noise con 
tributed by each array channel decreases slightly as the spot 
diameter is enlarged by moving the PD array 60 farther from 
the focal plane 112. 

With reference again to FIG. 9, the graph 130 also shows 
that for the lower values of the total photo-current, the best 
angle resolution is substantially poorer. But, it may be desir 
able to have an AOA sensor that not only has fine angle 
resolution, but that can achieve the fine angle resolution at low 
values of the total photo-current. Various embodiments pro 
vide an improved angle resolution over a wider range of 
photo-current value as described below. 
As illustrated in FIG. 7, the overall size of the array 60 is 

determined by both the maximum excursion of the center of 
the spot of the light 114 and by the additional area needed to 
accommodate the radius of the spot of light 114 when that 
spot of light 114 is located at a maximum excursion. Whether 
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the required detector array 60 size becomes smaller or larger 
or remains approximately the same as the detector array 60 is 
moved closer to the lens 110 to defocus the illuminated spot 
oflight 114 and make that spot of light 114 larger depends on 
the desired field-of-view of the optical sensor 20 and on the 
aperture size and the F-number of the lens 110. In particular, 
a simulation was performed to determine the effects of 
changes in the size of the illuminated spot of light 114 made 
by varying the offset distance of the detector array 60 from the 
focal plane 112, and changes in the size of the PD elements 62 
made by varying the number of elements in the array 60. It 
should be noted that moving the offset distance also changes 
the overall size of the array 60 since the FOV is fixed, as 
evident from FIG. 7. Thus, changes in the overall size of the 
array 60, and thus the size and the capacitance of the indi 
vidual PD elements 62 of that array 60, changes the PD 
limited bandwidth, as illustrated by the curves 142,144, 146, 
and 148 in FIG. 10. The graphs 140 and 142 show exemplary 
cases for two different lens F-numbers, in particular, with an 
F/1 lens (by the curves 142 and 146) and with an F/2 lens (by 
the curves 144 and 148). For the F/2 lens, in this example, the 
array size is quite large. Thus, as the detector array 60 is 
moved closer to the lens 110 to enlarge the size of the illumi 
nated spot of light 114, the overall size of the detector array 60 
becomes smaller. However, for the F/1 lens, the array size is 
already smaller when the detector array 60 is located at the 
focal plane. For this case, when the detector array 60 is moved 
closer to the lens 110 to enlarge the size of the illuminated 
spot of light 114, the overall size of the detector array 60 
becomes larger. Thus, the PD-limited bandwidth is reduced. 

FIG. 11 has graphs 150 and 152 that illustrate the effect of 
the noise-bandwidth limiting filter 94 (shown in FIG. 6). The 
noise at the output of the TIA92 depends on the size of the PD 
element 62 (or pixel). For a fixed FOV and fixed array size, 
increasing the number of pixels on each side of the array 60 (a 
square array is assumed in this example) reduces the size of 
each pixel. The parallel capacitance of the PD element 62 
depends on the size of that PD element 62. Thus, the PD 
limited response bandwidth is increased as the number of 
pixels is increased, since the capacitance of the PD element of 
each pixel is reduced. The noise contributed by an array 
element or channel, as observed at the input to the digitization 
comparator 96, can be reduced by having the PD element 62 
sufficiently small that the associated PD-limited bandwidth is 
substantially greater than the bandwidth of the noise-band 
width limiting filter 94. In this case, any further reduction in 
the size of the PD element 62, and associated increase in 
number of pixels or array elements will reduce the angle 
estimation error, as shown in the graphs 150 and 152, since 
the noise is reduced. For example, consider an AOA sensor 
with a 25 MHz noise-bandwidth limiting filter. The detector 
array 60 should have at least 20 pixels on a side before the 
filter begins to be effective. If the array has progressively 
more elements than that number, the associated angle-esti 
mation error would be progressively lower. Likewise, if the 
desired measurement bandwidth of the AOA sensor is only 10 
MHz, an array that has 14 or more pixels on a side would 
benefit from the noise-bandwidth limiting filter 94. 
The curves plotted in FIG. 9 show that as the illuminated 

spot diameter is made progressively smaller than the optimal 
value for the spot diameter, the angle resolution again 
degrades. As the illuminated spot is made progressively 
smaller, more and more of the PD elements are not illumi 
nated. However, the outputs of the digitization comparators 
96 associated with those PD elements 62 may have a binary 1 
value, even though those PD elements are not illuminated by 
the spot of laser light. PD elements have noise associated with 
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effects such as dark current and TIAS also contribute noise. 
The comparator 96 also has noise. Such noise can cause the 
output of the comparator 96 to have a binary value of 1. 
resulting in a false detect. 

In some embodiments, spatial filtering may be used to 
eliminate the "clutter noise' due to array elements that pro 
duce false detects (for which the digitization comparator 96 
outputs a binary 1 value for a PD element 62 even though the 
illuminated spot of light 114 did not overlap that PD element 
62 of the array 60). In one embodiment, a configuration of 
spatial filtering is provided that assumes that the illuminated 
spot of light 114 overlaps multiple adjacent PD elements 62 
and such that those isolated elements that have a binary 1 
value can be ignored. 
The images 160, 162, and 164 of FIG. 12 illustrate the 

effect of the spatial filter, with the outputs for the pixels 
associated with PD elements 62 of the array provided from 
various circuits or modules of the interface circuits 90 and 
ISCD circuit 23 shown in 2D plots. The images 160a, 160b 
and 160c show the analog outputs from the noise bandwidth 
limiting filters 94 as a gray scale representation. These images 
depict examples with three different levels of intensity for the 
illuminated spot 165. The example with the strongest spot 
intensity (and highest total photocurrent) is depicted in FIG. 
160a and the example with the weakest spot intensity is 
depicted in FIG. 160c. It should be noted that the images 
160a, 160b and 160c illustrate the input to the digital com 
parator 96 (shown in FIG. 6). The images 162a, 162b and 
162c illustrate the output of the digital comparator 96, for the 
cases of the images 160a, 160b and 160c, respectively. The 
images 164a, 164b and 164c illustrate the outputs from the 
spatial filters associated with the various pixels or PD array 
channels, namely the spatial filtering logic circuits 98 (shown 
in FIG. 6), for the cases of the images 160a, 160b and 160c, 
respectively the cases of the images 160a, 160b and 160c, 
respectively. Pixels that have a binary 1 value are shown as the 
spots 166 and 168. 

For the three cases illustrated in FIG. 12, the digitization 
threshold set point is adjusted according to the level of the 
total photocurrent. As the threshold set point is lowered, more 
“dark” pixels 168 are observed. The spatial filter eliminates 
most of these “dark” pixels as can be seen in the images 164. 
The pixels that have a binary 1 value and that also are illumi 
nated at least partially by the illuminated spot 165 are con 
sidered the “spot” pixels 166. 

FIG. 13 illustrates examples of several different spatial 
filtering functions (showing a portion of the detector array 
60). Each spatial filter considers a subset of the array elements 
to determine whether to allow the element 170 at the center of 
that subset of elements to retain a 1 value or to replace that 1 
value by a 0 value. For example, the "XY filters consider 
only the four nearest neighboring elements 172 that are adja 
cent to the sides of the square element 170 or pixel being 
evaluated, but not the nearest neighboring elements adjacent 
to the corners of that element 170. The X or Y 1+ (XoY1+) 
filter requires at least one of the side-adjacent pixels to also 
have a 1-value. The XandY 2+ (Xay2+) filter requires at least 
one adjacent pixel along the X-axis and one adjacent pixel 
along the y-axis to have a 1-value. It should be apparent that 
another spatial filter could consider the four corner-adjacent 
pixels of an element 170 being evaluated. Another spatial 
filter that may be implemented by the spatial filtering logic 
circuits 98 in some embodiments is a “nearest neighbor filter 
that considers all eight of the nearest neighboring pixels that 
surround a square pixel 170 being evaluated. The nearest 
neighbor 1+(NN1+) filter eliminates single isolated 1-value 
pixels that are fully surrounded by eight 0-value pixels. The 
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nearest neighbor 2+(NN2+) filter eliminates single isolated 
1-value pixels and also pairs of 1-value pixels. The nearest 
neighbor 3+(NN3+) filter also eliminates these pixels and 
additionally eliminates all 1-value pixels that are not Sur 
rounded by at least 3 adjacent nearest-neighbor pixels that 
also have a 1 value. The nearest-neighbor pixels can be 
located on any side or corner of the pixel being evaluated. 

In some embodiments, spatial filters, at times also used 
with varying digitization-threshold set point levels, may be 
used such as to enable Sub-pixel centroid location accuracy to 
be achieved for smaller-diameter illuminated spots of light 
114, as seen in the graph 174 of FIG. 14. For a smaller 
illuminated spot of light 114, the same SNR can be achieved 
for illuminated or partially illuminated pixels or PD elements 
62 at a lower level of the total photo-current. Thus, as can be 
seen, the use of spatial filtering can improve the sensitivity of 
the AOA sensor. 

In various embodiments, the combined effect of the noise 
bandwidth limiting filter 94 and the spatial filter (embodied as 
the spatial filtering logic circuits 98) on the accuracy or reso 
lution of the AOA determination is illustrated by the graphs 
180,182, 184, 186,188, 190,192, and 194 shown in FIG. 15. 
The simulation results shown in FIG. 15 include both the 
results from using an F/1 lens (the graphs 180, 182, 184, and 
186) and the results from using an F/2 lens (the graphs 188, 
190, 192, and 194). The graphs 180,182, 184, 186,188, 190, 
192, and 194 are plotted for several values of the total photo 
current (illustrated by the illustrated curves), from all of the 
PD elements 62 illuminated by the spot of light 114. 
The graphs 180 and 188 show the angle resolution achieved 

when neither the noise-bandwidth limiting filters 94 nor the 
spatial filtering logic circuits 98 are used. As can be seen, the 
best accuracy is achieved for a spot diameter of approxi 
mately 6-8 element widths, for this example. It should be 
noted that the sensor with the F/2 lens achieves better reso 
lution (Smaller angle-estimation error) because the associated 
noise spectral density is integrated over a much smaller PD 
limited bandwidth, although the value for that noise spectral 
density actually is higher (because those PD elements 62 are 
larger). When the noise-bandwidth limiting filters 94 are 
included, the angle-estimation error is reduced as shown in 
the graphs 182 and 190. It should be noted that the error 
reduction is more pronounced for the sensor with the F/1 lens 
(shown in the graph 182), because the associated PD-limited 
bandwidth is much greater than the 25 MHz bandwidth of the 
filter, and thus more noise is removed by that filter. It also 
should be noted that when the noise limiting filters 94 are 
included, a given value for low angle-estimation error can be 
achieved at lower levels of the total input photocurrent. Also, 
with the noise limiting filters added, the plotted curves are 
shifted to the right, toward large spot diameter values, and 
downward, with improved angle resolution. 
When the spatial filtering logic circuits 98 are included (in 

the illustrated examples, the XorY1+ filter), the angle-esti 
mation error is reduced as shown in the graphs 184 and 192 
without shifting the plotted curves toward large spot diameter 
values. In the examples, the threshold set-point for the digi 
tization comparator 96 was unchanged. When both the spatial 
filtering logic circuits 98 and the noise-bandwidth limiting 
filter 94 are included, sensitivity to lower photo-current levels 
also improves as can be seen in the graphs 186 and 194. It 
should be noted that the field of view and the number of PD 
elements 62 for each of the examples is the same (which 
essentially fixes the detector size and noise level). It should 
also be noted that the spatial filtering logic circuits 98 also 
make the AOA sensor unable to sense the lowest photo 
current levels considered in these exemplary cases. For situ 
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ations with those lowest photo-current levels, the digitiza 
tion-threshold set point may be reduced to improve the angle 
estimation performance. 

FIG. 16 shows graphs 200, 202, 204, 206, 208, 210, 212, 
214, 216, 218, 220, and 222 illustrating the effects of the 
spatial filtering and the digitization-threshold set point, for 
exemplary cases with a PD array of 32x32 elements, an F/2 
lens and no noise filter. When spatial filtering is not used, the 
threshold set-point can be increased in order to ignore reduce 
the number of “dark” pixels that have a binary 1 value. The 
graphs 200, 202, 204, and 206 illustrate no spatial filtering 
and show that the angle-estimation error can be reduced by 
using a higher threshold set-point. However, a very high 
threshold set-point (e.g., graph 206) makes the AOA sensor 
not sensitive to the lower photo-current levels. It should be 
noted that the angle-resolution minima in the plots of the 
graphs 200, 202, 204, and 206 move to the left (toward 
Smaller spot diameters) as the threshold set-point is raised, 
because spreading the incident light over a smaller spot 
increases the signal level at the illuminated PD elements 62, 
to enable the pixels associated with those elements 62 to still 
exceed the threshold setting. Use of spatial filtering in accor 
dance with various embodiments allows the digitization 
threshold set-point to be lowered to accommodate lower val 
ues of the input signal from the photo-detected light, as illus 
trated by the exemplary simulation results shown in the 
graphs 208,210, 212, and 214 illustrating weak spatial filter 
ing, and in the graphs 216, 218, 220, and 22 illustrating when 
aggressive or strong spatial filtering is used. For example, 
when the digitization threshold set-point is low (e.g., graphs 
208 and 216), the spatial filtering reduces the angle-estima 
tion error and improves the angle resolution (e.g., in compari 
son to graph 200), with the more aggressive spatial filter 
(NN3+, as illustrated in graph 216) achieving lower angle 
estimation error. Consider, for example, the cases of graphs 
208, 210, 212 and 214. Initially, as the threshold set-point is 
raised, the angle-estimation error continues to be lowered for 
a Sufficiently high combination of total photo-current and 
spot diameter (i.e., when the photo-current signal of the illu 
minated pixels is high enough). However, beyond a certain 
value for the threshold set-point, additional increase of the 
threshold does not result in further reduction of the angle 
estimation error. Instead, those combinations of larger spot 
diameter and lower photo-current fail to give any reasonable 
angle estimation, and are no longer plotted. As shown by FIG. 
16, when the spatial filtering is made more aggressive, e.g., by 
using the nearest-neighbor3+ filter (shown in the graphs 216, 
218, 220, and 222) instead of the XorY 1 + filter (shown in the 
graphs 208, 210, 212, and 214), the threshold set-point value 
at which a particular level of photo-current no longer gives a 
valid angle estimate becomes lower. 

It should be noted that in various embodiments the con 
figuration of the optical sensor 20 to provide AOA sensor 
capabilities includes selecting a preferred spot diameter and 
configuring the optical system to achieve that diameter of the 
projected illuminated spot. The spot size also determines the 
overall size of the detector array 60 to be used. The spatial 
filtering logic circuits 98 and the digitization threshold set 
point are then selected to enable a desired total input photo 
current value to be sensed. Then, the number of PD elements 
62 per side of the array is selected to achieve a desired angle 
estimation resolution. The number of PD elements 62, and 
thus the size of each PD element 62, affects the noise con 
tributed by each array element. In some embodiments, to 
reduce that noise, the PD series resistance is reduced and/or 
lower-noise TIA designs are implemented. In some embodi 
ments, increasing the photo-current signal for each array ele 
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ment includes using an avalanche PD that provides low-noise 
linear-mode avalanche carrier-multiplication gain. In some 
embodiments, the photo-current signal for each array element 
includes using anavalanche PD that provides non-linear Gei 
ger mode gain. For some of those embodiments, a preampli 
fier 92, and even a noise-limiting filter 94, may not be needed 
after the PD element. 

It should be noted that although the detector array 60 is 
illustrated as having square or rectangular shaped PD ele 
ments 62 that are located on a square or rectangular grid other 
shapes may be provided. For example, hexagons that lie on 
other grid patterns. Such as a hexagonal close packed pattern, 
also could be used for the optical sensor 20. It should be noted 
that for an analog determination of the centroid, hexagonal 
detectors can achieve more linear estimation of the centroid 
location compared to a square grid of square detectors. 

Thus, various embodiments provide an optical sensor 20 
(and referring to FIG. 6) configured as a centroid-locating 
sensor having a plurality of photo-diode (PD) detector ele 
ments 62 arranged in anarray with a plurality of preamplifiers 
(e.g., the TIAS 92) connected to the PD detector elements 62 
Such that the plurality of preamplifiers are configured to 
receive output signals from the PD detector elements 62. A 
plurality of digitization comparators 96 are also provided and 
are connected to the plurality of preamplifiers, wherein the 
digitization comparators 96 are configured in some embodi 
ments to receive output signals from the plurality of elec 
tronic preamplifiers and generate a binary 1 output when the 
output from the preamplifier for a PD detector element 62 
exceeds a threshold set point and generate a binary 0 output 
when the output is below the threshold setpoint. A plurality of 
spatial filtering logic circuits 98 are also connected to the 
digitization comparators 96 and configured to receive an out 
put from the plurality of digitization comparators 96 corre 
sponding to outputs from a plurality of the PD detector ele 
ments defining a group of PD detector elements. The plurality 
of spatial filtering logic circuits 98 are also configured to 
reject noise for one of the PD detector elements of the group 
of PD detector elements having a binary 1 output and based 
on the output of at least one other PD detector element of the 
group of PD detector elements. 

Different filtering methods may be used to reject the noise 
as described herein. For example, in some embodiments the 
plurality of spatial filtering logic circuits 98 are configured to 
reject noise contributions associated with one or more of the 
PD detector elements 62 of the group of PD detector elements 
62 with a binary 1 output and that do not have at least one 
adjacent PD detector element 62 with a binary 10 output. In 
other embodiments, when the output of the digitization com 
parator 96 for a PD detector element 62 is a binary 1, the 
plurality of spatial filtering logic circuits 98 replaces the 
binary 1 output with a binary 0 output for that PD detector 
element 62 when less than one of the digitization comparators 
96 of the adjacent PD detector elements 62 have a binary 1 
output. In other embodiments, when the output of the digiti 
zation comparator 96 for a PD detector element 62 is a binary 
1, the plurality of spatial filtering logic circuits 98 replaces the 
binary 1 output with a binary 0 output for that PD detector 
element 62 when less than two of the digitization comparators 
96 of the adjacent PD detector elements 62 have a binary 1 
output. In other embodiments, when the output of the digiti 
zation comparator 96 for a PD detector element 62 is a binary 
1, the plurality of spatial filtering logic circuits 98 replaces the 
binary 1 output with a binary 0 output for that PD detector 
element 62 when more than three of the digitization compara 
tors 96 of the adjacent PD detector elements 62 along two 
orthogonal axes relative to the PD detector element 62 having 
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the binary 1 output have a binary 0 output. In other embodi 
ments, when the output of the digitization comparator 96 for 
a PD detector element 62 is a binary 1, the plurality of spatial 
filtering logic circuits 98 replaces the binary 1 output with a 
binary 0 output for that PD detector element 62 when less than 
two of the digitization comparators 96 of the adjacent PD 
detector elements 62 along two orthogonal axes relative to the 
PD detector element 62 having the binary 1 output also have 
a binary 1 output. In other embodiments, when the output of 
the digitization comparator 96 for a PD detector element 62 is 
a binary 1, the plurality of spatial filtering logic circuits 98 
replaces the binary 1 output with a binary 0 output for that PD 
detector elements 62 when less than one of the digitization 
comparators 96 of the adjacent PD detector elements 62 along 
each of two orthogonal axes relative to the PD detector ele 
ment 62 having the binary 1 output also have a binary 1 
output. 

In operation, the centroid location determining logic cir 
cuit or module 100 in some embodiments is configured to 
generate a pair of binary outputs, wherein a first binary output 
of the pair of binary outputs provides an X-location of the spot 
of light 114 projected on the PD array and a second binary 
output of the pair of binary outputs provides a Y-location of 
the spot of light projected on the PD array. In one embodi 
ment, the X-location output and the Y-location output are 
outputs at a determined time for the same spot of light 114 
projected on the PD array at another determined time. In one 
embodiment, the X-location and the Y-location are updated at 
a rate that is at least two times as large as a characteristic 
filtering bandwidth and/or at least two times as large as a 
characteristic response bandwidth of the PD detector ele 
ment. 

In some embodiments, a signal path between each of the 
PD detector elements 62 and an output of the centroid loca 
tion determining logic circuit 100 is provided having a 
latency time interval, wherein the latency time interval of the 
signal paths for the PD detector elements 62 are matched to 
within one half the inverse of a characteristic filtering band 
width. 

In some embodiments, the optical sensor 20 includes the 
noise-bandwidth limiting filters 94, with a noise-bandwidth 
limiting filter 94 associated with each of the PD detector 
elements 62. In operation, each PD detector element 62 has a 
characteristic response bandwidth and the noise-bandwidth 
limiting filter 94 associated with the PD detector element 62 
has one of a low-pass or band-pass filtering response with a 
characteristic filtering bandwidth, wherein the characteristic 
filtering bandwidth is smaller than the characteristic response 
bandwidth of the PD detector element 62. In some embodi 
ments, the optical sensor 20 also includes the optical imaging 
system 34 configured to project a spot of light onto the PD 
detector elements 62, wherein the spot of light has a lateral 
dimension that is between two times and ten times as large as 
a lateral dimension of the PD element 62 (in some embodi 
ments between three times and five times). 
The plurality of PD detector elements 62 may have differ 

ent shapes and configurations, such as a square shape and 
arranged in a square grid configuration, or a square shape and 
arranged in an offset grid configuration, or a hexagonal shape 
and arranged in a hexagonal packed configuration, for 
example. 
The optical sensor 20 in some embodiments includes the 

centroid location determining logic circuit 100 coupled to the 
plurality of spatial filtering logic circuits 98, wherein the 
spatial filtering logic circuits 98 are configured to determine a 
location of a centroid of the spot of light 114 projected onto 
the PD array. In various embodiments, the centroid location 
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determining logic circuit 100 may include a binary adder 101 
and a binary divider 103 Additionally, the array element loca 
tion weights component 102 may be provided and connected 
to the centroid location determining logic circuit 100, such 
that the array element location weights component 102 is 
configured to generate a different binary weight value for 
each PD element 62. For example, the binary adder 101 may 
be configured to add a binary weight value to the same binary 
weight value. In some embodiments, the binary adder 101 has 
a first input and a second input, wherein the first input is 
coupled to the output of a first binary adder and the second 
input is coupled to the output of a second binary adder. In 
Some embodiments, a binary counter, Such as the counter 106 
may be provided. 
As other examples, the centroid location determining logic 

circuit 100 may include the binary adder 101 and the binary 
divider 103, wherein the binary divider 103 has a numerator 
input and a denominator input, such that the binary adder 101 
is coupled to the numerator input and the binary counter 106 
is coupled to the denominator input. 
The PD detector elements 62 also may include the absorber 

layer 82 and the conductor layer 84, wherein the conductor 
layer 84 is formed from a material with a bandgap that is 
larger than a direct-bandgap of a material comprising the 
absorber layer 82. 

Additionally, as described herein, the optical sensor 20 
may be configured as an AOA sensor. 

It should be noted that the various embodiments may be 
implemented in hardware, software or a combination thereof. 
The various embodiments and/or components, for example, 
the modules, or components and controllers therein, also may 
be implemented as part of one or more computers or proces 
sors or field-programmable gate arrays (FPGA). The com 
puter or processor or FPGA may include a computing device, 
an input device, a display unit and an interface, for example, 
for accessing the Internet. The computer or processor may 
include a microprocessor. The microprocessor may be con 
nected to a communication bus. The computer or processor or 
FPGA may also include a memory. The memory may include 
Random Access Memory (RAM) and Read Only Memory 
(ROM). The computer or processor or FPGA further may 
include a storage device, which may be a hard disk drive or a 
removable storage drive such as a floppy disk drive, optical 
disk drive, and the like. The storage device may also be other 
similar means for loading computer programs or other 
instructions into the computer or processor. 
As used herein, the term “computer or “module' may 

include any processor-based or microprocessor-based system 
including systems using microcontrollers, reduced instruc 
tion set computers (RISC), ASICs, logic circuits, and any 
other circuit or processor capable of executing the functions 
described herein. The above examples are exemplary only, 
and are thus not intended to limit in any way the definition 
and/or meaning of the term "computer.” 
As used herein, the terms “system.” “circuit.” “component' 

or “module' may include a hardware and/or software system 
that operates to perform one or more functions. For example, 
a module, circuit, component or system may include a com 
puter processor, controller, or other logic-based device that 
performs operations based on instructions stored on a tan 
gible and non-transitory computer readable storage medium, 
Such as a computer memory. Alternatively, a module, circuit, 
component or system may include a hard-wired device that 
performs operations based on hard-wired logic of the device. 
The modules or circuits or components shown in the attached 
figures may represent the hardware that operates based on 
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software or hardwired instructions, the software that directs 
hardware to perform the operations, or a combination thereof. 

The block diagrams of embodiments herein illustrate vari 
ous blocks labeled “circuit' or “module.” It is to be under 
stood that the circuit or modules represent functions that may 
be implemented as hardware with associated instructions 
(e.g., Software stored on a tangible and non-transitory com 
puter readable storage medium, Such as a computer hard 
drive, ROM, RAM, or the like) that perform the operations 
described herein. The hardware may include state machine 
circuitry hard wired to perform the functions described 
herein. Optionally, the hardware may include electronic cir 
cuits that include and/or are connected to one or more logic 
based devices, such as microprocessors, processors, control 
lers, or the like. Optionally, the modules may represent 
processing circuitry Such as one or more field programmable 
gate array (FPGA), application specific integrated circuit 
(ASIC), or microprocessor. The circuit modules in various 
embodiments may be configured to execute one or more 
algorithms to perform functions described herein. The one or 
more algorithms may include aspects of embodiments dis 
closed herein, whether or not expressly identified in a flow 
chart or a method. 
The computer or processor or component may execute a set 

of instructions that are stored in one or more storage elements, 
in order to process input data. The storage elements may also 
store data or other information as desired or needed. The 
storage element may be in the form of an information Source 
or a physical memory element within a processing machine. 
The set of instructions may include various commands that 

instruct the computer or processor as a processing machine to 
perform specific operations such as the methods and pro 
cesses of the various embodiments. The set of instructions 
may be in the form of a software program. The Software may 
be in various forms such as system software or application 
Software and which may be embodied as a tangible and non 
transitory computer readable medium. Further, the software 
may be in the form of a collection of separate programs or 
modules, a program module within a larger program or a 
portion of a program module. The Software also may include 
modular programming in the form of object-oriented pro 
gramming. The processing of input data by the processing 
machine may be in response to operator commands, or in 
response to results of previous processing, or in response to a 
request made by another processing machine. 
As used herein, the terms “software' and “firmware” are 

interchangeable, and include any computer program stored in 
memory for execution by a computer, including RAM 
memory, ROM memory, EPROM memory, EEPROM 
memory, and non-volatile RAM (NVRAM) memory. The 
above memory types are exemplary only, and are thus not 
limiting as to the types of memory usable for storage of a 
computer program. 
As used herein, an element or step recited in the singular 

and proceeded with the word “a” or “an should be under 
stood as not excluding plural of said elements or steps, unless 
such exclusion is explicitly stated. Furthermore, references to 
“one embodiment” are not intended to be interpreted as 
excluding the existence of additional embodiments that also 
incorporate the recited features. Moreover, unless explicitly 
stated to the contrary, embodiments “comprising or “hav 
ing an element or a plurality of elements having a particular 
property may include additional Such elements not having 
that property. 

It is to be understood that the above description is intended 
to be illustrative, and not restrictive. For example, the above 
described embodiments (and/or aspects thereof) may be used 
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in combination with each other. In addition, many modifica 
tions may be made to adapt a particular situation or material 
to the teachings of the various embodiments without depart 
ing from their scope. While the dimensions and types of 
materials described herein are intended to define the param 
eters of the various embodiments, the embodiments are by no 
means limiting and are exemplary embodiments. Many other 
embodiments will be apparent to those of skill in the art upon 
reviewing the above description. The scope of the various 
embodiments should, therefore, be determined with reference 
to the appended claims, along with the full scope of equiva 
lents to which such claims are entitled. In the appended 
claims, the terms “including and “in which are used as the 
plain-English equivalents of the respective terms "compris 
ing and “wherein. Moreover, in the following claims, the 
terms “first.” “second, and “third, etc. are used merely as 
labels, and are not intended to impose numerical require 
ments on their objects. Further, the limitations of the follow 
ing claims are not written in means-plus-function format and 
are not intended to be interpreted based on 35 U.S.C. S 112, 
sixth paragraph, unless and until Such claim limitations 
expressly use the phrase “means for followed by a statement 
of function Void of further structure. 

This written description uses examples to disclose the vari 
ous embodiments, including the best mode, and also to enable 
any person skilled in the art to practice the various embodi 
ments, including making and using any devices or systems 
and performing any incorporated methods. The patentable 
scope of the various embodiments is defined by the claims, 
and may include other examples that occur to those skilled in 
the art. Such other examples are intended to be within the 
scope of the claims if the examples have structural elements 
that do not differ from the literal language of the claims, or if 
the examples include equivalent structural elements with 
insubstantial differences from the literal languages of the 
claims. 

What is claimed is: 
1. A centroid-locating sensor comprising: 
a plurality of photo-diode (PD) detector elements arranged 

in an array; 
a plurality of digitization comparators connected to the 

plurality of PD detector elements, the digitization com 
parators configured to receive output signals from the 
plurality of PD detector elements and generate a binary 
1 output when the output from at least one of the PD 
detector elements exceeds a threshold set point and gen 
erate a binary 0 output when the output is below the 
threshold set point; and 

a plurality of spatial filtering logic circuits connected to the 
digitization comparators, the plurality of spatial filtering 
logic circuits configured to receive an output from the 
plurality of digitization comparators, wherein each of 
the plurality of spatial filtering logic circuits is config 
ured to receive outputs from a plurality of the PD detec 
tor elements defining a group of PD detector elements, 
the plurality of spatial filtering logic circuits configured 
to reject noise for one of the PD detector elements of the 
group of PD detector elements having a binary 1 output 
based on the output of at least one other PD detector 
element of the group of PD detector elements. 

2. The centroid-locating sensor of claim 1, wherein the 
plurality of spatial filtering logic circuits are configured to 
reject noise contributions associated with one or more of the 
PD detector elements of the group of PD detector elements 
with a binary 1 output and that have one adjacent PD detector 
element with a binary 0 output. 



US 9,274,203 B1 
27 

3. The centroid-locating sensor of claim 1, wherein when 
the output of the digitization comparator for a PD detector 
element is a binary 1, the plurality of spatial filtering logic 
circuits replaces a binary 1 output with a binary 0 output for 
the PD detector elements adjacent the PD detector element 
having the binary 1 output when less than one of the digiti 
zation comparators of the adjacent PD detector elements have 
a binary 1 output. 

4. The centroid-locating sensor of claim 1, wherein when 
the output of the digitization comparator for a PD detector 
element is a binary 1, the plurality of spatial filtering logic 
circuits replaces a binary 1 output with a binary 0 output for 
the PD detector elements adjacent the PD element having the 
binary 1 output when less than three of the digitization com 
parators of the adjacent PD detector elements along two 
orthogonal axes relative to the PD detector element having the 
binary 1 output have a binary 0 output. 

5. The centroid-locating sensor of claim 1, wherein when 
the output of the digitization comparator for a PD detector 
element is a binary 1, the plurality of spatial filtering logic 
circuits replaces a binary 1 output with a binary 0 output for 
the PD detector elements adjacent the PD detector element 
having the binary 1 output when less than one of the digiti 
zation comparators of the adjacent PD detector elements 
along each of two orthogonal axes relative to the PD detector 
element having the binary 1 output also have a binary 1 
output. 

6. The centroid-locating sensor of claim 1, further com 
prising a plurality of noise-bandwidth limiting filters, with a 
noise-bandwidth limiting filter associated with each of the PD 
detector elements. 

7. The centroid-locating sensor of claim 6, further com 
prising a plurality of preamplifiers connection to the plurality 
of PD detector elements and wherein each combination of PD 
detector element and preamplifier has a characteristic 
response bandwidth and the noise-bandwidth limiting filter 
associated with the PD detector element has one of a low-pass 
or band-pass filtering response with a characteristic filtering 
bandwidth, wherein the characteristic filtering bandwidth is 
smaller than the characteristic response bandwidth of the PD 
detector element. 

8. The centroid-locating sensor of claim 1, further com 
prising an optical imaging system configured to project a spot 
oflight onto the PD detector elements, the spot of light having 
a lateral dimension that is between two times and ten times as 
large as a lateral dimension of the PD detector element. 

9. The centroid-locating sensor of claim 8, wherein the 
optical imaging system comprises an aperture configured to 
receive light. 

10. The centroid-locating sensor of claim 8, wherein the 
optical imaging system further comprises an optical diffuser. 

11. The centroid-locating sensor of claim 1, wherein one or 
more PDs of the plurality of PD detector elements have a 
Square shape and are arranged in a square grid configuration. 

12. The centroid-locating sensor of claim 1, wherein one or 
more PDs of the plurality of PD detector elements have a 
square shape and are arranged in an offset grid configuration. 

13. The centroid-locating sensor of claim 1, wherein one or 
more PDs of the plurality of PD detector elements have a 
hexagonal shape and are arranged in a hexagonal packed 
configuration. 

14. The centroid-locating sensor of claim 1, further com 
prising a centroid location determining logic circuit coupled 
to the plurality of spatial filtering logic circuits, the centroid 
location determining logic circuits configured to determine a 
location of a centroid of a spot of light projected onto the PD 
detector elements. 
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15. The centroid-locating sensor of claim 14, wherein the 

centroid location determining logic circuit comprises a binary 
adder and a binary divider. 

16. The centroid-locating sensor of claim 15, further com 
prising an array element location weights component con 
nected to the centroid location determining logic circuit, the 
array element location weights component configured togen 
erate a binary weight value for a corresponding row or column 
of PD detector elements. 

17. The centroid-locating sensor of claim 16, wherein the 
binary adder is configured to add a binary weight value to the 
same binary weight value. 

18. The centroid-locating sensor of claim 14, wherein the 
centroid location determining logic circuit comprises a binary 
adder having a first input and a second input, wherein the first 
input is coupled to the output of a first binary adder and the 
second input is coupled to the output of a second binary adder. 

19. The centroid-locating sensor of claim 14, wherein the 
centroid location determining logic circuit comprises a binary 
COunter. 

20. The centroid-locating sensor of claim 19, wherein the 
centroid location determining logic circuit comprises a binary 
adder and a binary divider, the binary divider having a 
numerator input and a denominator input, wherein the binary 
adder is coupled to the numerator input and the binary counter 
is coupled to the denominator input. 

21. The centroid-locating sensor of claim 1, wherein the 
PD detector elements comprise an absorber layer formed 
from a direct-bandgap semiconductor material including at 
least one of GaAs, InCaAs, InAsSb. InAs, InSb and HgCdTe. 

22. The centroid-locating sensor of claim 1, wherein the 
PD detector elements comprise an avalanche carrier-multi 
plication structure. 

23. The centroid-locating sensor of claim 1, wherein the 
PD detector elements comprise an absorber layer and a con 
ductor layer, wherein the conductor layer comprises a mate 
rial with a bandgap that is larger than a direct-bandgap of a 
material comprising the absorber layer. 

24. The centroid-locating sensor of claim 1, further com 
prising a centroid location determining logic circuit coupled 
to the plurality of spatial filtering logic circuits, the spatial 
filtering logic circuits configured to generate a pair of binary 
outputs, wherein a first binary output of the pair of binary 
outputs provides an X-location of a spot of light projected on 
the PD detector elements and a second binary output of the 
pair of binary outputs provides aY-location of the spot of light 
projected on the PD detector elements. 

25. The centroid-locating sensor of claim 24, wherein the 
X-location output and the Y-location output comprise outputs 
at a determined time for the same spot of light projected on the 
PD detector elements at another determined time. 

26. The centroid-locating sensor of claim 24, wherein the 
X-location and the Y-location are updated at a rate that is at 
least two times as large as a characteristic filtering bandwidth. 

27. The centroid-locating sensor of claim 24, wherein the 
X-location and the Y-location are updated at a rate that is at 
least two times as large as a characteristic response bandwidth 
of the PD detector element. 

28. The centroid-locating sensor of claim 1, further com 
prising a centroid location determining logic circuit coupled 
to the plurality of spatial filtering logic circuits and a signal 
path between each of the PD detector elements and an output 
of the centroid location determining logic circuit, with the 
signal path having a latency time interval, wherein the latency 
time interval of the signal paths for the PD detector elements 
are matched to within one half the inverse of a characteristic 
filtering bandwidth. 
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29. An angle-of-arrival determining sensor comprising: 
a plurality of photo-diode (PD) detector elements arranged 

in an array; 
a plurality of digitization comparators coupled to outputs 

of the plurality of PD detector elements, the digitization 
comparators configured to generate a binary 1 output 
when an output from a preamplifier for a PD detector 
element of the plurality of PD detector elements exceeds 
a threshold set point and generate a binary 0 output when 
the output from the PD detector element is below the 
threshold set point; and 

an optical system configured to project a spot of light onto 
at least some of the PD detector elements, with the spot 
of light having a lateral dimension that is between two 
times and ten times as large as a lateral dimension of a 
PD element of plurality of PD elements. 

30. The angle-of-arrival determining sensor of claim 29, 
wherein a lateral dimension of the spot of light is between 
three times and five times as large as the lateral dimension of 
the PD detector element. 
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31. The angle-of-arrival determining sensor of claim 29, 

wherein the optical imaging system comprises an aperture 
and an optical diffuser. 

32. The angle-of-arrival determining sensor of claim 29, 
further comprising a spatial filtering logic circuit connected 
with each of the plurality of PD detector elements. 

33. The angle-of-arrival determining sensor of claim 29, 
further comprising a centroid location determining logic cir 
cuit having a pair of binary outputs, wherein a first binary 
output of the pair of binary outputs provides an X-location of 
the spot of light projected onto at least some of the PD detec 
tor elements and a second binary output of the pair of binary 
outputs provides a Y-location of the spot of light projected 
onto at least some of the PD detector elements. 

34. The angle-of-arrival determining sensor of claim 29, 
wherein each of the PD detector elements comprises an 
absorber layer comprising a direct-bandgap semiconductor 
material and an avalanche carrier-multiplication structure. 

35. The angle-of-arrival determining sensor of claim 34, 
wherein the avalanche carrier-multiplication structure is con 

20 figured to provide a linear multiplication gain. 
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